The directionally solified composite Cotac 744, is shown to possess the overall properties required for an advanced aircraft turbine blade alloy. The development of this composite is a direct consequence of optimized mechanical properties in conjunction with good thermal stability, good oxidation bebaviour and a satisfactory corrosion resistance.
INTRODUCTION
High strength directionally solidified composites for turbine blade applications have been the subject of substantial research and development efforts during the past few years. A few promising candidate materials were identified showing improved mechanical properties over the currently employed conventional superalloys and have already been thoroughly reviewed (1, 2) . However, despite their good creep strength most of these high temperature composites also have some serious drawbacks such as poor environmental resistance and / or unsatisfactory thermal stability ; the slow processing rates are unfortunately common to all the advanced eutectic systems. The purpose of this paper is to show that through a sustained research effort at ONERA, it has been possible to reach a reasonably good compromise between the various properties in order to meet the extremely stringent requirements of a candidate alloy for advanced turbine blades. This work will describe some of the salient features of a recently developed and optimized r/y' -NbC composite designated as Cotac 744 which is shown to possess an interesting blend of properties such as good mechanical strength, excellent structural stability and a satisfactory oxidation and corrosion resistance. the total time to failure for Cotac 744 and Cotac 74 was 660 hours and 210 hours respectively.
/ Superalloys
It is interesting to notice that the fiber failure stress at such slow strain rates is almost 2.5 times lower than in a standard tensile test.
CREEP BEHAVIOUR STRESS-RUPTURE PROPERTIES
The density-corrected stress rupture strength of the uncoated Cotac 744 is compared to the base-line eutectic Cotac 74 and DS200 + Hf superalloy in fig. 2 : the matrix yields at about 750 MPa, the fiber failure and the associated load drop occur at 1140 f 10 MPa; the U.T.S. is around 1360 MPa.
TENSION-TENSION TESTS
Tests were performed on hour-glass specimens in the longitudinally ground condition using the load controlled mode and a sine waveform. The fatigue response of the uncoated and coated eutectic was first studied at a low frequency (0. It is clear that no fatigue damage is occuring in these conditions.
Tests were now continued on coated specimens at the same frequency. Two aluminide coatings were used : a well known industrial coating, the so-called "Chromaluminization"
(HI-15) deposited by Heurchrome and an experimental ONERA coating designated as F7G which is shown to possess good corrosion resistance in a later section of this paper. After the standard heat treatment, the final coating thickness was approximately 55 m. The fatigue tests showed that fiber failure did not occur in 5.104 cycles if %lax is below 1060 MPa on chromaluminized specimens and below 960 MPa on the F7G-coated alloy. Nonetheless, all specimens contained very fine cracks in the coating ( fig. 3) . The metallographic examinations indicated that the cracks initiate after at least 1000 cycles in the external layer of the coating and invariably stop at the coating-substrate interface, provided that urnax is lower than 1060 MPa in the case of chromaluminized alloy and below 960 MPa for the F7G-coated specimens. T. Khan, J. F. Stohr,
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Tension-tension tests were continued at 650°C to determine the 107-cycle fatigue limit of both the uncoated and the coated alloy using higher frequencies (20 to 35 Hz). A clearly defined fatigue limit does exist in Cotac 744 around a umax value of 1000 MPa regardless of the frequency.
A previous study on Nitac 13 reported a correlation between the fatigue limit and the matrix yield stress (8) . This is in contrast to the observations on Cotac 744 where the fatigue limit is much higher (1000 MPa) than the matrix yield stress (-750 MPa). An interesting observation which is worth mentioning here is that if the specimens are subjected to IO7 cycles at a urnax slightly below the fatigue limit and subsequently tensile tested at 650" C, the fiber failure stress is raised from 1130 to 1290 MPa showing a very substantial work hardening of the matrix.
The H.C.F. life of coated specimens is significantly affected by the high loading rates associated with high frequencies on a rather brittle coating. The cracks initiate in the coating extremely rapidly.
Hence at a urnax of 900 MPa the chromaluminized specimens tested at 35 Hz failed in about 15 000 cycles whereas at 0.1 Hz the coated eutectic did not fail after 50 000 cycles even at a urnax of 1060 MPa. The fatigue limit of chromaluminized alloy is however, still very high (800 MPaj.
TENSION-COMPRESSION TESTS
The tension-compression fully reversed L.C.F. tests were performed under longitudinal strain control at 650°C using a frequency of 0.1 Hz on uncoated and chromaluminized specimens : the results are plotted in Fig. 4 . The uncoated specimens do not fail in 50 000 cycles if the corresponding stabilized stress is below 750 MPa. The L.C.F. response of Cotac 744 is comparable to the D.S. MAR246 superalloy.
The Coffin-Manson correlation for plastic strain, NFAe, = constant seems to be moderately good but more results are,needed to confirm a better fit. Although the chromaluminized specimens have shorter lives, the damaging effect of this coating is by no means serious. However, further work is required to assess the effect of the experimental F7G-coating which is less ductile as observed during the tension-tension tests. Transmission electron microscopy observations were undertaken on uncoated specimens fatigued both in tension-tension and tension- compression.
In tension-tension tests performed at 0.1 Hz, if urnax is high (but below the fiber failure stress) the matrix is heavily deformed but the fibers were not found to contain dislocations.
On the contrary, the tension-compression specimens often revealed slip dislocations (predominantly screw) within the fibers (Fig. 5) . Whether the presence of these dislocations would influence the subsequent creep behaviour of the eutectic is not yet clear; one would expect a degradation of properties only if there is a possibility of dislocation multiplication within the fibers.
THERMAL CYCLING
The thermal cycling behaviour of Cotac composites has been analyzed and discussed in terms of the generation of cumulative plastic strains in the matrix which subsequently lead to fiber degradation (3) . It was further shown that during thermal cycling the matrix is constantly subjected to thermal fatigue in tension-compression. It became therefore clear that if the matrix of the composite has a high strength, the fiber degradation can be avoided up to a high temperature.
As regards the Cotac 744 composite, 2500 cycles of 3-minute duration between 1150°C and 250°C did not result in any visible fiber damage.
However, in temperature cycled creep with a 30-minute cycle period (28 minutes hold time at 1150°C) and a stress of 40 MPa some fiber degradation did occur after 2500 cycles. Various metallographic examinations seem to indicate that the maximum temperature for the use of this composite is close to 1150°C i.e. about 50°C higher than that for Cotac 74.
OXIDATION
AND CORROSION RESPONSE OF BARE
AND COATED COMPOSITE
Cyclic oxidation tests were performed on uncoated cylindrical specimens using a one-hour cycle period and rapid air cooling. The specific weight change curves of Cotac composites and IN100 superalloy at various temperatures are shown in Fig. 6 after 400 cycles. It is apparent that Cotac 744 (with or without yttrium) which has a high aluminium content (6%) is more oxidation resistant than Cotac 74 (4% Al). Minor yttrium additions (0.2%) substantially improve the cyclic oxidation behaviour of Cotac 744. Parallel to these studies, the effect of fiber orientation relative to the surface, upon the oxidation response of Cotac 744 was considered.
Uncoated coupon samples with fibers either parallel or normal to the surface were tested in both isothermal and cyclic oxidation at 1050" and 1lOO'C : specimens with fibers perpendicular to the surface showed a significantly higher weight gain in isothermal tests and higher weight loss in cyclic oxidation. of the coated composite revealed that only 50% of the coating thickness was consumed after 500 hours. At 1050°C however, where oxidation is predominant the composite had a poor response compared to the coated IN100 and it was therefore removed from the rig after 400 hours. The coated IN100 was apparently not damaged even after 500 hours.
CONCLUSIONS
The high strength Cotac 744 composite is an interesting candidate material for advanced turbine blades due to a good compromise between its mechanical strength, structural stability and environmental resistance. A unique feature of this composite is that a few periodic heat treatments would not only restore the creep strength of rotating blades but also permit the recovery of their initial length. This phenomenon has been termed as the "length memory effect" and is clearly of considerable interest to the engine designer.
The slow processing rates in the case of this composite could be offset by the prolonged rupture lives obtained through a few re-heat-treatments.
Both the H.C.F. and L.C.F. response of chromaluminized (HI-15 coated) composite is good at 65O'C; the F7G coating has not yet been evaluated in L.C.F. This recently developed ONERA coating, despite its good corrosion resistance needs further improvement in terms of its oxidation resistance at high temperatures.
